In order to elucidating the exact effect mechanism of polyphenols on the assembly of collagen, the assembled architectures of collagen treated with different amounts of procyanidin (PA) were investigated in details. The assembled morphologies of collagen were greatly influenced by the content of PA according to atomic force microcopy (AFM) images.
INTRODUCTION
In the past few decades, elucidating the mechanism of collagen assembly and controlling its aggregating architectures have achieved considerable attentions as its assembled states have profound influence on the physicochemical properties of the biomaterials (1) (2) (3) (4) (5) (6) (7) (8) . In vivo, the collagen molecules aggregate into hierarchical architectures at nano-, micro-and macro-scales, which are pivotal in serving as docking sites for some growth factors as well as maintaining the bio-functions of connective tissues (9) (10) (11) . In vitro, collagen molecules assemble into various forms such as fibril, gel and sponge, respectively applied in tissue engineering scaffolds (12) , drug delivery systems (13) , wound dressing (14) and hemostatic (15) . Evidences to date indicate A given amount of glutaraldehyde was add into 12.0 μg/mL collagen solution as experiment above, and the concentration of GA was 0.48 μg/mL. After being incubated at 20 °C for 24 h, 20% of procyanidin was added and followed by the other 24 h incubation at 20 °C. As a control, similar experiments were carried out except that the order of adding glutaraldehyde and procyanidin was changed. Finally, the aggregated architectures of collagen were observed by using SPM-9600 (Shimadzu, Kyoto, Japan).
Differential scanning calorimeter (DSC) measurements
The collagen samples were prepared as follow. 0%, 5%, 10% and 20% by weight of procyanidin was added into 1 mg/mL collagen solution respectively, and then these solutions were incubated at 20 °C for 24 h to be tested. Additionally, 20% of procyanidin was added into 1mg/mL collagen solution for incubation at 20 °C, after 24 h 4% glutaraldehyde was placed into the solution above which was successively incubated in same condition. As a contrast, the glutaraldehyde reacted with collagen firstly and then procyanidin was used, and other experimental factors were unchanged.
To demonstrate the influence of individual procyanidin or glutaraldehyde and their synergism on the stability of collagen, DSC analysis was conducted on DSC 200 PC (Netzsch, Selb, Germany) in the temperature ranged from 20 °C to 100 °C with a constant heating rate of 5 °C/min under a nitrogen flow. About 10 mg collagen solution mentioned above was sealed in an aluminum pan with a sealed aluminum pan containing 10 mg buffer solution as the reference.
RESULTS AND DISCUSSION
The effect of procyanidin dosage on the assembly of collagen I
The assembly morphologyies of collagen type I in the presence of different contents of procyanidin were shown in Figure 1a -f. It can be found that the procyanidin affected pronouncedly on the assembly behavior of type I collagen as the dosage of procyanidin increasing from 0% to 40%. Without procyanidin, the self-assembled collagen fibrils with diameters less than 3 nm almost paralleled to each other, shown as the arrows in Figure 1a .
Distinctly, the lengths of the collagen fibrils were much more than 300nm, which indicated that the collagen molecules self-assembled longitudinally while the lateral assembly was inhibited significantly. It was because that the amino groups on side chain of collagen molecules were positively charged at pH 4, and the electrostatic repulsion among collagen molecules prohibited the lateral aggregation of collagen (8) . When 2.5% procyanidin reacted with collagen, the orientation of collagen fibrils was disturbed slightly and a mesh-like architecture was obtained, similar to previous report (19) . In this case, the limited amount of procyanidin molecules distributed longitudinally along the collagen fibrils and hydrogen bonds had formed among procyanidin and collagen fibrils. As the content of procyanidin increased to 5%, the hydrogen bonding action became stronger and some bulges on the cross-points of fibrillar network were observed clearly (shown in Figure 1c ). When the content of procyanidin was at 10%, these bulges became more and bigger while some disordered fibrils arranged randomly throughout the bulges. This was probably attributed to the changing of fibrous conformation of collagen under strong hydrogen bonds provided by procyanidin. In addition, some charged amino groups on collagen molecules might be shielded by procyanidin, thus the electrostatic repulsion of charged collagen molecules was decreased heavily. Even worse, the fibrillation of collagen was inhibited almost completely when the dosage of procyanidin was much than 20%, shown in Figure 1e and 1f. Instead of collagen fibrils, some globular collagen aggregates appeared. Especially in the case of 40% procyanidin, no collagen fibril was observed while the diameter of these globular aggregates decreased. A reasonable explanation for this phenomenon was that a large amount of procyanidin molecules distributed longitudinally on collagen and aggregated together by intense hydrogen bonds, and thus the collagen molecules coiled randomly to form some globules. The more the content of procyanidin, the more the number of elliptic aggregates, hereby their diameters became much less (shown in Figure 1f) . Collectively, the assembly behavior of collagen influenced by procyanidin was a procedure driven by hydrogen bonds, in which the intensity of the hydrogen bonds was a crucial factor. Besides of this, the large length-diameter ratio (300:1.5) and flexibility of collagen molecule was in favor of the entanglement. Generally, the stability of fibrils self-assembled from collagen molecules in vitro depended mainly on intermolecular hydrogen bonds. While the procyanidins are condensed by monomeric flavan-3-ol unites which are rich in phenolic hydroxyls, and thus this hydrogen-bond interaction would be strengthened as the increasing of procyanidin content. However, the ordered hydrogen bonding was disturbed when the concentration of procyanidin was too high because the collagen molecules were completely encapsulated by procyanidin molecules, and consequently the fibrous assembly was imbalanced. It has been reported that the fibrillogenesis of collagen was inhibited by the presence of natural polyols, such as glucose, fructose, methylglucoside and sorbitol by disturbing the hydrogen bond interactions between collagen helices (29) . According to our research, the inhibition was probably due to the change of the fibrillar conformation of collagen caused by strong hydrogen bonding, which was disadvantage for the fibrillogenesis.
Circular dichroism (CD) studies
In order to elucidate the mechanism of the effect of procyanidin on the assembly of collagen, the secondary structure of collagen treated with procyanidin was investigated by CD. The CD spectra of type I collagen treated by different concentration of procyanidin were shown in Figure   2 . For the case of natural type I collagen, specific peaks in far ultraviolet (UV) region at 222nm and 197nm can be observed on CD spectrum, which were due to n to π* transition of polyproline II ring and π to π* transition, respectively (27, (30) (31) (32) . Shown as Figure 2 , the absorption bands on CD spectrum (curve a) were typical peaks of collagen type I, which indicated that the secondary structure of collagen kept well. Compared with native collagen, the peaks at 222nm of collagen treated by different amount of procyanidin had little change, while the peak intensities at 197nm decreased slightly as the increase of procyanidin concentration. It is confirmed that a red shift in 222nm signal would occur when the collagen denatured or its triple helical structure unfolded (27) . However, there was no red shift was observed on the spectrum of collagen treated by procyanidin. Moreover, the corresponding molar ellipticity and Rpn (the ratio of positive peak intensity to negative peak intensity) values were listed in Table 1 . The Rpn value of type I collagen was 0.107, and the Rpn value was 0.106 in the case of adding 10% of procyanidin. And the Rpn value decreased to 0.098 when the dosage of proyanidin increased to 40%. It has been reported that the micro unfolding of the collagen triple helical structure rather than denaturing was observed under the effect of phenolic compound and the corresponding Rpn values decreased (27, (33) (34) . Therefore, the decreasing of Rpn values here was probably attributed to the conformational change of collagen molecule, which agreed well with the investigation of AFM (globular aggregates shown in Figure 1e and f). Thus, it could be concluded that the procyanidin had not leaded to the change of collagen secondary structure according to CD results. In fact, the phenolic hydroxyl groups on procyanidin can cross-link with collagen by hydrogen bonds, and consequently the stability of collagen was increased. Therefore, the secondary structure of collagen was not destroyed by procyanidin, which agreed with the previous study elsewhere (19) . However, in the case of acid soluble collagen, the presence of a large amount of procyanidin had negative influence on the fibre forming from collagen molecules. It was probably because of the change of conformation of collagen under the intense hydrogen bond action of procyanidin rather than the denaturation of secondary structure of colllagen. It was to say the formation of the oval aggregates was not gelatinizing of collagen.
The effect of procyanidin on the assembly of collagen fibrils stabilized by glutaraldehyde
The effect of glutaraldehyde on the assembly of collagen I Obviously, the diameters of collagen fibrils increased distinctly as the increase of glutaraldehyde dosage. Compared with the collagen fibrils without being crosslinked by glutaraldehyde (shown as Figure 1a) , the fibrillar morphology changed slightly when 1% glutaraldehyde was used (shown as Figure 3a) . After being treated by 2% glutaraldehyde, the lateral crosslinking among collagen fibrils became clearly and some collagen fibrils with thicker diameter appeared, which was shown in Figure 3b . The effect of procyanidin on the assembly of stabilized fibrils by glutraldehyde
The assemble morphology of collagen which was treated by 20% procyanindin firstly and then by 4% glutaraldehyde was shown in Figure 4a . Some irregular aggregates, which interlaced with several fibrils, were observed as the crosslinking action of glutaraldehyde. Whereas in the case of 4% glutaraldehyde which was followed by 20% procyanidin, collagen fibrils were recorded clearly only that these fibrils coiled and tangled with each other. For the former, the conformation of collagen changed from extended chain to random coil on account of the strong hydrogen bonding action to form compact micro particles. Compared with the former, covalent bonding actions were constructed among the collagen molecules depending on the crosslinkage of glutaraldehyde and thus stable collagen fibrils formed. It should be note that the slenderness ratios and the flexibilities of the fibrils were also high, which was in favor of their coiling and tangling with each other. As the adding of excess procyanidin, a large amount of hydrogen bonds inter-fibrils and intra-fibrils formed, consequently these flexible fibrils folded, coiled and twined, shown as figure 4b. After being crosslinked by glutaraldehyde, the stability and stiffness of collagen fibrils were increased greatly, so limited intertangling taken place when some external forces put upon these fibrils. In spite of this, the fibrillar topographies were also kept well. However, the stability of self-assembled collagen fibrils was much less than that of crosslinked fibrils, and thus the fibrillar morphology could not be maintained when the collagen were treated by superfluous procyanidin. In another word, the assemble morphology of collagen influenced by procyanidin was depending greatly on the structural stability of collagen fibrils.
The Thermal Stability of Collagen Investigated by DSC
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DSC was a useful instrument for investigation the improvement of chemicals to collagen. So the thermal stability of collagen treated with different amount of procyanidin was investigated by DSC, and their DSC curves were shown in Figure 5 . On the DSC thermograph of collagen (Figure 5a ), an endothermic peak at about 40 °C was detected, which was approximate to the value reported by previous literature (39) . It is known that this peak is considered to be associated with the denaturation of native structure of collagen type I, which was often accompanied with the shrinkage of collagen (40, 41) . When the dosage of procyanidin was 5%, a similar peak at 40 °C was recorded, shown as Figure 5b . As the content of procyanidin increased to 10%, the endothermic peak at 40 °C became weaker. All these peaks were attributed the endothermic helix to coil transition (42) . However, the endothermic peak was un-conspicuous when 20% of procyanidin was used to treat collagen. It was probably because that the long rodlike collagen molecules had coiled and tightly agglomerated with each other, hence the shrinking and denaturating of collagen was unnoticeable or difficult to undergo at the same temperature. Furthermore, the effects of procyanidin integrated with glutaraldehyde (marked as PA-GA), glutaraldehyde as well as glutaraldehyde incorporated with procyanndin (identified as GA-PA) on the collagen stability were researched, respectively. As shown in Figure 6a , the denaturation temperature (T d ) of collagen treated by glutaraldehyde was increased to 80 °C, which reflected the thermal stability of collagen was improved greatly. The T d of collagen treated with GA-PA was approximate to it of collagen crosslinked only with glutaraldehyde, and the peak value was at around 80 °C, shown as Figure 6b . Differently, the width of the peak become wider which was attributed to the orientation of the collagen fibrils was disturbed (43) , shown as Figure 4b .
Compared with the DSC curves above, no obvious endothermic peak was measured in the case of collagen treated with PA-GA, which was similar to it of collagen treated with procyanidin only and shown in Figure 6c . It was probably because that the aggregated complexes of coiled collagen with PA-GA had been hard to shrink or deform at this temperature. glutaraldehyde followed by procyanidin and (c) procyanidin followed by glutaraldehyde.
It was reported that the shrinkage temperatures (denaturation temperature) of hide powder treated by condensed tannins was about 80 °C as the stabilization of the vegetable polyphenols through hydrogen bonds. And it increased to around 107 °C when the hide powder was crosslinked by condensed tannins combined with aldehydic agent. It was owing to the formation of new covalent bonding among collagen and phlyphenols by the crosslinking of aldehydic agent, which was known as synthetic effect of tannin-aldehyde (44) (45) (46) . Unfortunately, no thermal stability improving was observed when the collagen was treated by procyanidin individually.
Besides of that, the synthetic effect of tannin-aldehyde was not remarkable in our experiments.
Possibly, this divergence was resulted from the structural difference between acid soluble collagen molecule and native collagen fibrils of connective tissues.
As is well known, the triple helical collagen molecules self-assemble into the characteristic axial D-periodicity to form microfibrils and fibrils in vivo, in which the inter-collagen covalent cross-links between lysine or allysine residues at the overlap position of collagen molecules are crucial for the formation of 4D-staggered arrangement (47) (48) . Importantly, these intermolecular cross-links are a prerequisite for the physical and mechanical performances of collagen fibrils ( 48 ). However, these lateral cross-links were broken as the partly cleavage of telopeptides by pepsin in the extraction procedure of collagen. And no new covalent crosslinking formed in the self-assembled collagen fibrils, even though procyanidin had been used. As a consequence, the thermal stability of collagen had not been improved by the procyanidin as the self-assembled fibril itself was lack of covalent crosslinks. Conversely, the collagen molecules were covalently cross-linked by the glutaraldehyde, which was similar to the natural cross-links in native tissues.
And the significant stabilization of glutaraldehyde was reflected well in the results of DSC thermograph and AFM imagines shown above.
The assembly mechanism of collagen in the presence of procyanidin and glutaraldehyde
On the base of the analysis aforementioned, a schematic illustration about the effect of procyanidin on the aggregating of the self-assembled collagen fibrils and stabilized fibrils by glutaraldehyde was shown in Figure 7 . The influence of procyanidin on the assembly of collagen was closely related to the dosage of procyanidin. When the concentration of procyanidin was low, the procyanidin molecules longitudinally distributed on the self-assembled collagen fibrils by hydrogen bonds. As the increasing of the procyanidin content, the orientation of collagen fibrils was disturbed and fibrils were inclined to coil, thereby a mesh-like morphology appeared.
Suffered from the strong hydrogen bonding action of a large amount of procyanidin, the collagen fibrils coiled and entangled into irregular aggregates and few of fibrils could be observed, even though the second structure of collagen was not destroyed. In this process, both the flexibility of collagen and the absence of covalent crosslinkages inter-collagen molecules were benefit for the conformational changes and the formation of globular morphology, while the intense hydrogen bonds were the driving forces. In the case of collagen fibrils stabilized by glutaraldehyde, lateral crosslinking action among collagen molecules was constructed by the reaction of amino groups on side chain of collagen with aldehyde groups, and as a result the stiffness and the stability of the fibrils was improved greatly. Therefore, the cross-linked fibrils maintained the fibrous morphology well in spite of folding and twisting with each other in the presence of an abundant of procyanidin. The intermolecular crosslinking from glutaraldehyde played an important part in keeping the fibrillar conformation of collagen, which was comparable to the important function of the cross-links between lysine or allysine residues on adjacent collagen molecules. It was noteworthy that this research was not to deny the important role of procyanidin in improving the stability of collagen but to emphasis the significance of the intermolecular covalent crosslinks like in vivo in maintaining the fibrillar conformation of acid soluble collagen.
Furthermore, the improvement of procyanidin to collagen was frequently based on the intermolecular covalent cross-linking so as to enhance the physical and mechanical performances of assembled collagen fibrils. And more intuitive evidences were supplied here.
CONCLUSIONS
The effect of procyanidin on the assembly of collagen in vitro was investigated in details, and it was found that this influence was related closely with the dosage of procyanidin. When the content of procyanidin was less than 10% (to dried collagen, w/w), the fibrillar morphologies of self-assembled collagen fibrils would keep well. However, the collagen would aggregate into irregular and tight globules when the content of procyanidin was more than 20%, while the diameters of the globules decreased as the increasing of procyanidin content. It was attributed to the conformation change driven by intense hydrogen bonding action provided by procyanidin rather than denaturation of secondary structure of collagen, in which the high slenderness ratio and flexibility of collagen as well as the absence of covalent crosslinkages inter-collagen molecules were benefit for the conformational changes and the formation of globular architectures. If the self-assembled collagen fibrils were modified by cross-linker such as glutaraldehyde, not only the thermal stability but also the conformational rigidity of the fibrils were improved greatly, thus the fibrous morphologies would be maintained besides of some coiling and entangling when excess procyanidin was used. These results demonstrated visually the significance of the intermolecular covalent crosslinks in maintaining the fibrillar conformation of acid soluble collagen in vitro. 
